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Abstract  
Mg alloys could potentially be used as the structural materials of next-generation high-speed transportation systems on account of 
their extremely low density (1.7 Mg/m3). However, the plastic formability of Mg alloys at room temperature is poor, which can 
be attributed to the hexagonal close-packed (hcp) crystal structure. Moreover, Mg alloys are flammable as a result of the 
activated metal in the alloy. In this study, we investigate the microstructure and mechanical properties of a flame-retardant Mg 
alloy that contains Ca in order to improve the ignition of such alloys. In particular, the addition of Ca results in an oxide film and 
raises the ignition temperature from ~300 to 400 K. The average grain size of the alloy used in this study is 16 μm. From the 
results of various tensile tests, which were conducted for the directions parallel to, perpendicular to, and at 45˚ to the extrusion 
direction (ED), the anisotropy of the mechanical properties associated with the tensile direction is confirmed. More specifically, 
the anisotropy of the mechanical properties of this alloy is discussed in relation to the alloy’s microstructural features. 
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1. Introduction 
The density of Mg is 1.74 Mg/m3, which is about 2/3 that of Al and 1/4 that of Fe; it is the lightest of all practical 
metals and has attracted attention as an eco-material [1]. Many Mg sources exist in/on the earth. For example, the 
existence ratio (crustal structure Clarke number) of Mg element exist many to eighth in earth’s crust, or can be 
gathered in unlimited quantities from the ocean [2]. Therefore, Mg is considered to be an abundant element. 
Moreover, the melting point of Mg is relatively low (i.e., 923 K), which contributes to the low amount of energy 
required for recycling [3]. Mg also has excellent characteristics as concerns its specific strength, specific rigidity, 
vibration absorption, heat dissipation, dimensional stability, electromagnetic shielding, and machinability [4]. 
Nevertheless, Mg demonstrates poor resistance to corrosion and poor plastic formability [5] at room temperature. 
Additionally, Mg can burn easily because Mg has a property of an activation metals [6]. For this reason, a flame-
resistant Mg alloy was invented by adding Ca into commercial Mg alloys [4], [5], which results in an increase of the 
ignition temperature from about 300 to 400 K via the formation of an oxide film on the sample surface. At this stage, 
flame-resistant Mg alloys are expected to be adopted as next-generation transportation structural materials in Japan. 
In this paper, the mechanical properties of flame-resistant Mg alloys at room temperature are reported. 
2. Methods 
2.1 Materials 
We used the hot extruded AZX611 material with a thickness of 3 mm, which was made by Sankyo Tateyama Inc. 
The chemical composition of the alloy used in this study is shown in Table 1. The main components of this alloy 
were 6 wt% Al and 1 wt% Zn, as well as 1 wt% Ca. In common flame-resistant Mg alloys, the maximum amount of 
Ca that is added is below 2 wt%. 
2.2 Mechanical tests 
Room-temperature tensile tests were conducted upon this alloy. Tensile test specimens were cut from the 
extrusion sheet using a wire electric discharge machine into the shape shown in Fig. 1. 
Mg demonstrates strong anisotropy with respect to its mechanical properties at room temperature as a result of the 
hexagonal close-packed (hcp) structure. In other words, number of slip system for Mg at room temperature is limited 
to only three, as shown in Fig. 2. 
The tensile test specimens were cut along three different directions (i.e., 0º, 45º, and 90º) against the extrusion 
direction (ED), as shown in Fig. 3. 
Shimadzu AGX-5KNX was used to perform the tensile tests at room temperature. Tensile tests were conducted at 
an initial strain rate of 1×10−3 s−1 in air. Before the tensile test, all tensile specimens were polished until achieving a 
mirror surface. Waterproof emery paper with grit size of #800 to #4000 was used for the polishing, and diamond 
paste with diameter of 3 Pm to 1 Pm was used for the buff polishing. 
Table 1. Chemical composition of the alloy used in this study. 
 
 
 
Fig. 1. Schematic diagram of the tensile test specimen. 
wt% 
at% 
Elements 
bal. 
bal. 
Mg Al 
5.9 
5.3 
Zn 
0.93 
0.35 
Mn 
0.39 
0.17 
Fe 
0.002 
0.001 
Si 
< 0.01 
< 0.87 
Cu 
< 0.01 
< 0.38 
Ni 
< 0.001 
< 0.000 
Ca 
1.1 
0.7 
10 
60 
15
  R
5  4 
3  
8   Tsutomu Ito et al. /  Energy Procedia  89 ( 2016 )  6 – 14 
 
Fig. 2. Schematic illustration of the slip system for Mg at room temperature. 
 
Fig. 3. Schematic illustration of the cutting direction for tensile test specimens versus the extrusion direction (ED). 
2.3 Microstructure observation 
A digital camera (Nikon CoolPix P7100), scanning electron microscope (SEM, Hitachi TM3000), field-emission 
scanning electron microscope (FE-SEM, Hitachi SU-70), electron backscatter diffraction device (EBSD, Ametek 
Inc.) and energy dispersive X-ray spectroscopy device (EDX, Oxford Instruments, SwiftED) were used to perform 
the microstructural observations. 
Fracture morphologies were taken with the digital camera. The fracture surfaces were observed by Hitach 
TM3000. Second-phase particles within the fracture surface were identified by SEM-EDX analysis, and the 
microstructure was observed with the FE-SEM-EBSD equipment. After the polishing procedure explained above, 
the surface was finished with an ion milling machine (Hitachi IM4000) under an acceleration voltage of 6 kV and a 
milling time of 20–40 min. The EBSD analysis was performed using an acceleration voltage of 20 kV, a 
measurement area of 200 Pm × 200 Pm, and a scanning step size of 0.2 Pm. 
3. Results and discussion 
3.1 Initial Microstructure 
Inverse pole figure (IPF) maps of this alloy of as received are shown in Fig. 4. In particular, Figs. 4 (a), (b), and 
(c) show IPF maps in the extrusion direction (ED) plane, the transverse direction (TD) plane, and the normal 
direction (ND) plane, respectively. The initial microstructure of each plane can be approximated as an equiaxed 
grain microstructure, though there is also a mixed microstructure of fine grains and coarse grains. 
From these microstructures, the grain size distribution can be measured, as shown in Fig. 5. The grain sizes in this 
alloy are distributed below 70 Pm. The grain size distribution of crystalline metallic materials is known to exhibit a 
logarithmic normal distribution [7]–[9], as captured by the following equation: 
fx x( ) = 1
ln x 2

1
x
exp 
ln x  ln xg( ) 2
2 ln x( ) 2






 ,       (1) 
( 0 0 0 1 ) 
[ 1 2 1 0 ]  [ 1 2 1 0 ] 
[ 2 1 1 0 ] 
[ 2 1 1 0 ] [ 1 1 2 0 ] 
[ 1 1 2 0 ] 
ED 
TD
 
ND 
45
 
de
g. 
0 deg. 
90
 d
eg
. 
Extrusion Direction: ED 
Normal Direction: ND 
Transverse Direction: TD 
N
D
 
TD 
ED
 
 
 

 
 Tsutomu Ito et al. /  Energy Procedia  89 ( 2016 )  6 – 14 9
 
Fig. 4. Inverse pole figure (IPF) maps of the Mg alloy. 
 
Fig. 5. Grain size distribution of the Mg alloy for each plane. 
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where fx(x) is the frequency function, xg is the geometric average of x, and Vx is the geometric standard deviation of 
x. The grain size distribution of each plane exhibits a bimodal grain distribution, and does not agree well with Eq. 
(1). This mismatch is thought to occur as a result of grain growth during hot extrusion. 
 The average grain sizes of each plane in this alloy are 16 Pm, 13 Pm, and 30 Pm for the ED, TD, and ND planes, 
respectively. In this case, the geometric mean was calculated from the average grain size of each plane, and was 
assumed to be the average grain size in this alloy. More specifically, the geometric mean was calculated according to 
the following equation: 
d = dED dTD dND3 ,           (2) 
where d is the geometric mean, and dED, dTD, and dED are the average grain sizes for the ED, TD, and ND planes, 
respectively. The average grain size in this alloy was calculated to be 18 Pm using Eq. (2).  
3.2 Mechanical properties 
Nominal stress versus nominal strain curves at room temperature for each stress axis (SA) of the ED are shown in 
Fig. 6. Deformation curves for each SA of the ED are shown to have the same shape as that of common metallic 
materials. That is to say, elastic deformation occurs first; work hardening then occurs; and fractures are finally 
observed. The flow curves for the 0º and 90º SAs are almost identical, whereas the stress of the flow curve for the 
45º SA is slightly lower than that of the other SAs. Furthermore, the elongation for the 45º SA is slightly higher than 
that of the other SAs. 
The mechanical properties (0.2% proof stress, tensile stress, uniform elongation, and fracture elongation) as a 
function of the SA of the ED are shown in Fig. 7. The strength values (i.e., 0.2% proof stress and tensile stress) 
associated with the 0º and 90º SAs are higher than that of the 45º SA. On the other hand, ductility values (i.e., 
uniform elongation and fracture elongation) for the 0º and 90º SAs are lower than that of the 45º SA. These results 
reveal a slight anisotropy in the mechanical properties of the Mg alloy. Furthermore, we can observe a trade-off 
relationship between strength and ductility. 
The 0.2% proof stress and tensile stress in this alloy fall in the ranges of 150–200 MPa and 250−300 MPa, 
respectively. On the other hand, the 0.2% proof stress and tensile stress in the commercial Mg alloy AZ61 have been 
reported to fall in the ranges of 190–240 MPa and 270–320 MPa, respectively. The stress values of this alloy are 
therefore slightly lower than those of the commercial Mg alloy AZ61; however, this cannot be explained by the 
effects of the Ca addition, as has been reported in previous studies [10]. Instead, this might be explained on the basis 
of the anisotropic effects associated with the SA of the ED. 
 
Fig. 6. Nominal stress vs. nominal strain curves for different stress axes (SAs) of the extrusion direction (ED). 
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Fig. 7. Stress and ductility as functions of the stress axis (SA) for the extrusion direction (ED). 
3.3 Fracture analysis 
The fracture surface after tensile tests at room temperature for various SAs of the ED are shown in Fig. 8. The left 
column of the figure shows the fracture morphology, whereas the right column shows the fracture surface; (a), (b), 
and (c) show the 0º, 45º, and 90º SAs of the ED, respectively. The difference of fracture morphology can be 
confirmed to depend on the SA of the ED. In other words, the fracture route of the 45º SA is made progress to the 
maximum shear stress direction in the width direction of the specimen. On the other hand, the fracture routes of the 
other SAs are made progress to the maximum shear stress direction of thickness direction of the specimen. These 
fracture properties of the SAs are in good agreement with the mechanical properties of the SAs mentioned above. 
Therefore, anisotropy in this alloy was observed in the fracture morphology of the SAs, as well as in the mechanical 
properties. 
Anisotropy with respect to the SA was observed in the macroscopic fracture morphology; however, the fracture 
mode is shown ductile fracture for all SAs, and the second-phase particle (displayed in white contrast in Fig. 8) was 
observed in the fracture surface. These second-phase particles were identified to be the compound phase of Al2Ca 
from the EDX analysis. 
3.4 Anisotropic analysis 
Here we discuss the anisotropic analysis for this alloy from the viewpoint of crystal plasticity. Schmid’s law is 
well used as anisotropic analysis of metallic materials with face centered cubic (fcc) or hcp structures. Schmid’s law 
can be used to calculate the critical resolved shear stress (CRSS or WCRSS) of a single crystal acting on the slip plane 
from the geometric relationship of the slip plane, the slip direction, and the SA, as shown in Fig. 9 and Eq. (3): 
CRSS = coscos  ,          (3) 
Color maps for various SAs of the measured Schmid factor (by EBSD analysis) are shown in Fig. 10. In 
particular, Figs. 10(a), (b), and (c) show maps for the 0º, 45º, and 90º SAs, respectively. It can be seen from Fig. 10 
that the area fraction with a Schmid factor of 0.4–0.5 is largest at the 45º SA. 
In order to analyze these results in detail, the area fraction of the Schmid factor from 0.4–0.5 as a function of the 
SA is shown in Fig. 11. The area fraction of the Schmid factor from 0.4 to 0.5 is also highest at the 45º SA; this 
tendency closely resembles the relationship between the ductility and SA, as shown in Fig. 7. Therefore, the 
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microstructure at the 45º SA could be considered to have been developed texture to easily occur plastic deformation. 
However, in order to clarify this line of reasoning, further research is necessary. 
 
 
 
Fig. 8. Scanning electron microscope (SEM) images of the fracture surface of various stress axes (SAs) in the Mg alloy AZX611. The left column 
shows the fracture morphology, whereas the right column shows the fracture surface; (a), (b), and (c) show the 0º, 45º, and 90º SAs of the ED, 
respectively. 
 
Fig. 9. Schematic illustration of the geometric relationships among the tensile axis, slip plane, and slip direction for Schmid's law for a single 
crystal. 
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Fig. 10. Color maps for various stress axes (SAs) of the measured Schmid factor by electron backscatter diffraction (EBSD) analysis. In 
particular, Figs. 10 (a), (b), and (c) show maps for the 0º, 45º, and 90º SAs, respectively. 
 
Fig. 11. Area fraction of Schmid factor from 0.4 to 0.5 as a function of the stress axis (SA). 
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4. Conclusions 
The mechanical properties of a flame-resistant Mg alloy were studied in order to investigate its potential as a 
next-generation transportation structural material. The average grain size of the microstructures in this alloy was 18 
μm, and the macrostructure consisted of approximately equiaxed grains. However, a mixed microstructure of fine 
grains and coarse grains was also observed. Moreover, the strength values (i.e., 0.2% proof stress and tensile stress) 
for the 0º and 90º SAs were higher than that of the 45º SA. On the other hand, the ductility values (i.e., uniform 
elongation and fracture elongation) for the 0º and 90º SAs were lower than that of the 45º SA. On the basis of these 
results, the mechanical properties of this alloy demonstrate a slight anisotropy with respect to different SAs. 
Furthermore, the anisotropy in this alloy was also observed from the fracture morphology of the SA as well as the 
mechanical properties. In order to explain this anisotropy, the microstructure at the 45º SA could be considered to 
have been developed texture to easily occur plastic deformation. However, in order to clarify this explanation, 
further research is required. 
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